Our recently developed model for the viscosity of silicate melts is applied to describe and predict the viscosities of oxide melts containing manganese oxide. The model requires three pairs of adjustable parameters that describe the viscosities in three systems: pure MnO, MnO-SiO 2 and MnO-Al 2 O 3 -SiO 2 . The viscosity of other ternary and multicomponent silicate melts containing MnO is then predicted by the model without any additional adjustable model parameters. Experimental viscosity data are reviewed for melts formed by MnO with SiO 2 , Al 2 O 3 , CaO, MgO, PbO, Na 2 O and K 2 O. The deviation of the available experimental data from the viscosities predicted by the model is shown to be within experimental error limits.
Introduction
Viscosity is one of the key properties of slags, which influences the performance of pyrometallurgical processes in many ways. Slag used in the production of ferromanganese alloys has a large composition range depending on the manganese ore and its gangue minerals. It can contain up to 30 wt% MnO. By influencing the flow pattern in the furnace, the viscosity of slag in the ferromanganese alloy process has a great impact on the temperature distribution and reduction behavior of manganese oxide. The viscosity of slag must also be controlled to provide stable mass transfer at the slag/metal interface and heat transfer through the slag.
Recently we developed a new model for the viscosity of oxide melts [1] [2] [3] [4] [5] . In this model the viscosity is related to the structure of the melt, which in turn is calculated from the thermodynamic description of the melt using the Modified Quasichemical Model [6, 7] . Most importantly, the model takes into account the formation of the silica network which has a profound effect on the viscosity. The model predicts, within experimental error limits, the viscosity of multicomponent slags from just a few model parameters fitted to the viscosities of the binary and some ternary subsystems.
In the present study, viscosity data are reviewed for melts formed by MnO with SiO 2 , Al 2 O 3 , CaO, MgO, Na 2 
Viscosity model
For a more detailed description of the model, see the earlier articles [1] [2] [3] . A brief summary of the model similar to the one below was given earlier in References [8, 9] .
Melts formed by SiO 2 and basic oxides MO x
The structure of silicate melts is characterized by the bridging behavior of oxygen. An oxygen atom separating an M-M pair is a free oxygen, O 2-; an oxygen separating an M-Si pair is a non-bridging oxygen, O -; and an oxygen separating a Si-Si pair is called a bridging oxygen, O 0 . The silicon atoms in silicate melts are always tetrahedrally bonded to four oxygen ions. Basic silicate melts consist mainly of Me n+ , O 2and SiO 4 4ions. As the silica content increases above the orthosilicate composition, the SiO 4 4tetrahedra start to polymerize, forming more and more bridging oxygens, and gradually a threedimensional network is formed. The structural changes taking place upon formation of the SiO 2 network can be characterized by the amounts of socalled Q i -species [10] which are defined as Si atoms linked to i bridging oxygens and (4i) non-bridging oxygens. In pure SiO 2 all four oxygens surrounding each Si are bridging oxygens and the fraction of Q 4species is 1. An isolated SiO 4 4ion is a Q 0 -species. Over the past 25 years our group has been developing a thermodynamic database for silicate melts [11] using the Modified Quasichemical Model [6, 7] . The database currently contains over 20 elements and successfully models and predicts the thermodynamic properties of multicomponent silicate liquids. The model parameters stored in the thermodynamic database have been obtained by critical evaluation and optimization of all available experimental thermodynamic and phase diagram data. The Modified Quasichemical Model and the thermodynamic database can be used to calculate the numbers of M-M, M-Si and Si-Si second-nearestneighbor pairs, which correspond to the fractions of free oxygens, broken bridges and bridging oxygens, as functions of temperature and composition.
Let us define p as the probability that a particular pair emanating from a given Si atom is a Si-Si pair. As a first approximation, we can assume that bonds are randomly distributed and that the probability p does not depend on the types of other pairs emanating from this Si atom. Hence, p can be calculated by dividing the number of Si-Si pairs emanating from all Si atoms by the number of all Si-Si and Si-M pairs: (1) where n i-j is the number of i-j pairs. Note that every Si-Si pair is counted twice as emanating from one and from the other Si atom in the pair.
Then the probability that a given Si atom is a Q 4species is p 4 because four Si-Si pairs emanate from each Si atom. Similarly we can calculate the probabilities that a given Si atom is a Q i -species as well as the fractions of all five Q i -species in a melt.
A statistical method can be used to calculate the interconnectivity between Q 4 -species.
The probability that a given Si atom is part of a cluster of at least n interconnected Si-Si pairs is proportional to p n . This is only an approximate relation. Clearly there are restrictions on the arrangements of bonds because of the local structure of the melts which is similar to the diamond lattice structure of cristobalite. The approximation becomes better for larger values of n. In any case, the function p n is clearly a measure of the connectivity of the network. We postulate that a certain critical cluster size can be defined that mimics the formation of a percolating SiO 2 network. When this cluster size is surpassed the viscosity increases dramatically. Our analysis of the viscosity data indicates that a group of 40 interconnected Si-Si pairs is a good estimate for the critical cluster size.
The following equations were proposed [1] [2] [3] for the viscosity of liquid melts. (For melts containing simultaneously basic oxides and Al 2 O 3 see Section B below.)
where  is the viscosity in Pa·s, R is the gas constant, T is temperature in kelvins and X M and X Si are the cation mole fractions. For example, for a binary system Na 2 O-SiO 2 , the cation mole fractions of Na and Si are (5) where n i are the mole fractions of the components. The model parameters A M and E M give the viscosity of the pure liquid oxides MO x which are not network formers: (6) Similarly, represents the hypothetical viscosity of SiO 2 if it were like a basic oxide and did not form a network. An excess contribution per Si atom of large clusters of Q 4 -species, which contain at least 40 interconnected Si-Si pairs, is proportional to p 40 . This contribution is represented by the parameters . This is the contribution of the silica network which is assumed to be independent of other cations M. Therefore, the viscosity of pure SiO 2 is:
An excess contribution per Si atom of the rest of the Q 4 -species, that is of smaller clusters which contain less than 40 interconnected Si-Si pairs, is proportional to (p 4p 40 ). This contribution is represented by binary parameters . Since these clusters are smaller, the M cations are located closer to a given Si atom so that the contribution of this Si atom depends on M.
The second terms in Eqs. (3) and (4) contain the additional binary parameters to account for small nonlinearities of the viscosity, if any, as a function of composition in the basic regions of the binary systems M-Si.
It should be noted that parameters are rarely required and can generally be set equal to zero. So far the model has been applied to multicomponent oxide liquids containing Si, B, Al, Ca, Mg, Li, Na, K, Mn, Ni, Fe 2+ , Fe 3+ , Pb, Zn, Ti. Only one non-zero parameter,
, was introduced and even in this case it improved the description only slightly.
Finally, is a binary parameter which is nonzero only for alkali oxide -silica systems. It accounts for an additional excess contribution of Q 2 -and Q 3species polymerized into large rings which have been reported to form in these systems based on evidence from NMR and Raman spectroscopy [12, 13] . It should be noted that a similar additional term was never needed in Eq. (4) for A. That is, all parameters . In summary, for most binary systems MO x -SiO 2 only two binary parameters, and , were required to fit the experimental viscosity data, while for each alkali oxide -SiO 2 system one additional binary parameter, , was needed.
Taking into account the charge compensation effect
Certain amphoteric oxides such as Al 2 O 3 can behave in profoundly different ways in a silicate melt depending on the overall composition. When added to a pure silica melt, Al 2 O 3 acts as a network-modifier, breaking the oxygen bridges of the pure silica network, thereby substantially decreasing the viscosity. On the other hand, when equimolar amounts of MO or M 2 O and Al 2 O 3 are added to SiO 2 , some of the Al cations assume tetrahedral coordination and replace Si in the liquid network, so that Al acts as a network-former. The missing charge is compensated by M cations that stay close to the Al ions. Due to this "Charge Compensation Effect", [10] there is a maximum in the viscosity when the molar ratio of Al 2 O 3 to MO or M 2 O is unity.
The thermodynamic database of Modified Quasichemical Model parameters, upon which the viscosity model is based, does not explicitly consider the different structural roles of Al. Hence, in order to model the viscosity maximum, the amount of network-forming Al must be evaluated a posteriori. This is done as follows.
Consider, for example, the Al 2 O 3 -CaO-Na 2 O-SiO 2 system. We can write two reactions to form tetrahedrally-coordinated Al that enters the silica network and is charge-compensated by either Na or Ca:
(9) It is assumed that the NaAl and CaAl 2 "species" have the same effect on the viscosity as one or two Si atoms respectively. The model parameters are simply the Gibbs energies of reactions (8) and (9) . These Gibbs energies are not dependent on temperature, but are found to vary linearly as a function of SiO 2 content, becoming more negative at higher SiO 2 concentrations. Hence, only two parameters are required to model the Charge Compensation Effect in each ternary system MO x -Al 2 O 3 -SiO 2 (including the limiting MO x -Al 2 O 3 binary systems).
The equilibrium constants for reactions (8) and (9) can be written as
At each given overall composition X Na , X Ca , X Al and X Si , Eqs. (10) and (11) can be solved, taking into account the mass balance constraints, to calculate
Here
gives the amount of networkforming Al, while gives the amount of networkmodifying Al.
Since we assume that NaAl and CaAl 2 species have exactly the same effect on the viscosity as one or two Si atoms respectively, the viscosity can be calculated by substituting the following adjusted mole fractions into Eqs. (2), (3) and (4): (12) Clearly, this proposed treatment of the Charge Compensation Effect is a simplification. Strictly speaking, the charge-compensated Al that enters the silica network does not form chemically distinct species such as NaAl and CaAl 2 ; the contribution of network-forming Al to the viscosity may be different from that of Si, and, finally, mole fractions are used in Eqs. (10) and (11) 
activities. However, the proposed treatment gives a qualitatively correct functional dependence of the viscosity on temperature and composition and the description is made quantitative by fitting the Gibbs energies of reactions (8) and (9) to experimental viscosity data in the ternary MO x -Al 2 O 3 -SiO 2 systems.
Review of available viscosity data and calibration of the model
In the present study, viscosity data are reviewed for all MnO-containing subsystems of the MnO-SiO 2 -Al 2 O 3 -CaO-MgO-PbO-Na 2 O-K 2 O system. The data judged to be most reliable are shown in the figures below.
The proposed model is intended for oxide melts. The extension of the model to describe the viscosity of glasses will be reported elsewhere. Consequently, the viscosity data were collected mainly for melts above the liquidus or for slightly supercooled melts where crystallization did not occur. These measurements were mostly made with rotational or vibrational viscometers.
Phase equilibrium calculations were carried out using the FactSage thermochemical software and databases [11] to check that the viscosity was indeed measured in a singlephase liquid region. If an abnormally high viscosity value was reported for a temperature below the liquidus, this was most likely the result of crystallization. Viscosities of glasses, measured for example by a fiber elongation or a beam-bending method, were not considered in the present study.
Parameters of the model for MnO-containing melts that were fitted to the experimental viscosity data are listed in Table 1 . The model parameters for melts without MnO were reported previously [1-3, 8, 9] .
The accuracy and reliability of viscosity measurements
The difficulties associated with measurements of the viscosity of molten oxides over wide temperature and composition ranges arise from the simultaneous presence of the following conditions [14] : -a very wide viscosity range; -the poor heat conducting properties of the liquid; -the invariable presence of small bubbles in the liquid; -the very high temperatures at which the experiments must be carried out. A rotational viscometer is most suitable for measurements under these conditions. The numerous sources of systematic errors related to the use of this particular type of viscometer and to the viscosity measurements of oxide melts in general are outlined, for example, in References [14] and [15] . When viscosity measurements were carried out by some of the best laboratories in a "round robin" project [15] using the same reference materials, the average spread of data obtained by different laboratories was about 20%. The average accuracy of the data is probably no better than 50% when uncertainties in sample preparation and purity are taken into account.
For calibration and testing of the present viscosity model, experimental viscosity data were collected for the
system and its subsystems. From the scatter of the data measured by different authors for same systems, it can be concluded that the average absolute accuracy of viscosity measurements is probably about ±0.5 to 1.0 in the natural logarithmic scale [1-5, 8, 9] . Of course the accuracy can be as high as ±0.2 in the natural logarithmic scale for the best laboratories when samples are carefully prepared and characterized before and after the experiments. On the other hand , the real accuracy can be much lower for viscosity measurements at very high temperatures, for very corrosive or volatile melts, or outside the optimal range for a rotational viscometer [16] (ln (Pa·s) from -4 to 9).
Viscosities of the binary MnO-SiO 2 system
Due to its extremely high melting temperature, there are no viscosity data for pure liquid MnO. The viscosity of MnO-SiO 2 melts has been measured using the rotating crucible method with Pt-Rh crucibles under Ar atmosphere [16] [17] [18] [19] , a vibrational viscometer with iron crucibles under He atmosphere [20] , the logarithmic decrement method with either Mo crucibles under H 2 atmosphere [21] , or iron crucibles under (H 2 +N 2 ) gas atmosphere [22, 23] . As can be seen from Fig. 1 , the reported experimental data are in good agreement except for the results of Rait et al. [21] , which tend to be higher, although the difference is within experimental error limits. These data were used to obtain the parameters and describing the viscosity of pure liquid MnO as well as the binary MnO-SiO 2 parameters and . The optimized model parameters are given in Table 1 . The agreement of the calculated lines with the experimental points shown in Fig. 1 is within the experimental scatter.
The model parameters for subsystems without MnO that are used for the viscosity calculations in the present study were optimized and reported elsewhere [1] [2] [3] 8 ]. 
Ternary melts without alumina

MnO-CaO-SiO 2
The viscosities of MnO-CaO-SiO 2 melts were measured by the rotating crucible method with Pt-Rh [17, 24] , Pt [25] , Mo [26] and iron [27] crucibles under Ar atmosphere at the compositions shown in Figure 2 . Figures 3 to 9 compare the viscosities predicted by the model with the experimental data. The calculated viscosities are in excellent agreement with the most recent measurements by Sridhar et al. [27] (see Fig. 7 ) and with the results of Segers et al. [17] , considering the scatter of the latter data which is obvious from Figs. 5 and 6. The viscosities reported by Kawahara et al. [25] are slightly lower than predicted by the model, but both the temperature and the composition dependence are in excellent agreement with the calculated lines. Mikiashvili et al. [17, [24] [25] [26] and calculated lines.
MnO-Na 2 O-SiO 2 and MnO-PbO-SiO 2
Experimental viscosity measurements in these systems are scarce and not very reliable. Ivanov et al. [28] and Artem'ev and Appen [29] measured the viscosity of MnO-Na 2 O-SiO 2 melts using the rotating crucible method with Pt crucibles under Ar atmosphere. To the best of our knowledge, there is only one study of the viscosity of MnO-PbO-SiO 2 melts, which was done by the falling sphere method with Pt crucibles under Ar atmosphere [30] . These measurements are compared to the viscosities predicted by the model in Figs. 10 to 12. The agreement is believed to be within experimental error limits.
As can be seen from Fig. 10 , Ivanov et al. [28] reported that the viscosity stays almost constant with increasing SiO 2 content, which is rather unlikely, whereas the model predicts increasing viscosity, as is to be expected.
It should be noted that the data of Nitta et al. [30] shown in Fig. 12 are systematically lower than the calculated lines for the composition corresponding to the binary PbO-SiO 2 system. Since the calculated lines describe very well numerous viscosity measurements in this binary system [8] , the discrepancy is indicative of the experimental scatter which is at least 1.0 in the natural logarithmic scale.
MnO-Al 2 O 3 -SiO 2
Mikiashvili et al. [19] , Kawahara et al. [25] , Urbain et al. [16] and Kou et al. [31] measured the viscosities of MnO-Al 2 O 3 -SiO 2 melts by the rotating crucible method with Mo [19] , Pt [25] and Pt-Rh [16, 31] crucibles under Ar atmosphere. Towers and Gworek [22] used the logarithmic decrement method with Mo crucibles under (H 2 +N 2 ) gas atmosphere. The studied compositions are shown in Figure 13 . The experimental data are generally in good agreement, except for the viscosities obtained by Mikiashvili et al. [19] which tend to be higher than the results of other authors, especially at higher temperatures.
This system exhibits the Charge Compensation Effect which the viscosity model takes into account by assuming that tetrahedrally-coordinated Al, which enters the silica network and is chargecompensated by Mn, is formed by the reaction: (13) It is further assumed that the MnAl 2 "species" have the same effect on the viscosity as two Si atoms. The Gibbs energy of reaction (13) was optimized based on the experimental data for MnO-Al 2 O 3 -SiO 2 melts mentioned above and is given in Table 1 . The experimental and calculated viscosities are compared in Figs. 14 to 22 along the sections shown in Fig. 13 . A maximum in the viscosity originating from the Charge Compensation Effect is clearly visible in Fig. 17 . Such maxima are observed in all studied MO x -Al 2 O 3 -SiO 2 systems where M is an alkali or an alkaline-earth metal [2] . As can be seen from Figures 14 to 22 , the model reproduces very well both the temperature and the composition dependence of the viscosity even though is temperature independent. Figure 13 . Compositions in the MnO-Al 2 O 3 -SiO 2 system at which experimental viscosity measurements are available [16, 19, 22, 25, 31] . [19, 25, 31] and calculated lines. [19, 25, 31] and calculated lines. Figure 16 . Viscosity of MnO-Al 2 O 3 -SiO 2 melts at 50 mol% SiO 2 : experimental points [19, 25, 31] and calculated lines. [16, 25, 31] and calculated lines.
Multicomponent systems
The model contains unary parameters describing the viscosity of pure liquid oxides, binary parameters fitted to experimental viscosities of MO x -SiO 2 melts and ternary parameters reproducing the viscosity of MO x -Al 2 O 3 -SiO 2 melts. The viscosity of multicomponent melts is predicted by the model without any additional adjustable model parameters.
To further test the predictive ability of the model, experimental viscosity data were collected for quaternary and multicomponent melts formed by MnO with SiO 2 , Al 2 O 3 , CaO, MgO, PbO, Na 2 O and K 2 O. These data were not used for the calibration of our model.
MnO-CaO-MgO-SiO 2 system
Ji et al. [32] measured the viscosities of MnO- [16, 25, 31] and calculated lines. [19, 25, 31] and calculated lines. [19, 22, 25, 31] and calculated lines.
CaO-MgO-SiO 2 melts using the rotating crucible method with iron crucibles and spindles under Ar atmosphere. As can be seen from Table 2 , these data are in good agreement with the viscosities predicted by the model.
MnO-CaO-Al 2 O 3 -SiO 2 system
The viscosities of MnO-CaO-Al 2 O 3 -SiO 2 melts were measured by the rotating crucible method with iron crucibles under N 2 atmosphere [33] , by the counter-balanced sphere method [34] and the falling sphere method [35] with Pt crucibles under Ar atmosphere, and by using a vibration viscometer with Mo crucibles under Ar atmosphere [36] . These data are compared with the viscosities predicted by the model in Figs. 23 to 26 .
It should be noted that the model fits well the numerous viscosity data in the CaO-Al 2 O 3 -SiO 2 system [2] . Hence, the experimental scatter can be evaluated by extrapolation of the quaternary viscosity data to zero amount of MnO. (The left vertical axis in Figs. 23 to 26 corresponds to the CaO-Al 2 O 3 -SiO 2 system.) As can be seen from the figures, the results of Tanabe et al. [33] extrapolate to higher viscosities, while Kato and Minowa [34] reported lower viscosities for CaO-Al 2 O 3 -SiO 2 melts. The data of Takayanagi et al. [35] are in good agreement with the model for CaO-Al 2 O 3 -SiO 2 melts, but the viscosities of Chubinidze and Kekelidze [36] are in good agreement with the model only at higher temperatures and extrapolate to higher values at lower temperatures. As can be seen from Fig. 26 , the spacing between the experimental points from the latter study indicates an irregular temperature dependence of the viscosity. This is most likely caused by precipitation of solid phases, since our phase equilibrium calculations show that the lowest temperatures reported by Chubinidze and Kekelidze [36] are below the liquidus. If the viscosity was measured on heating, solid phases may have remained in the melts even above the liquidus, resulting in overestimated viscosities. MnO is added to the system. This effect is minimal when MnO is substituted for CaO (see Fig. 26 ).
MnO-CaO-MgO-Al 2 O 3 -SiO 2 system
Slags used for production of ferromanganese alloys belong to this five-component system. Therefore, several experimental viscosity studies were reported for these slags. Most researchers used the rotating crucible method with Mo [26, 37] , Pt [38, 39] and graphite [40] crucibles under Ar [26, 37, 40] , N 2 [38] or (H 2 +N 2 ) [39] gas atmosphere.
The most extensive studies over wide composition ranges were reported by Persson [37] and Woollacott et al. [39] . These data are compared to the viscosities predicted by the model in Figs. 27 to 29 and in Table 3 . The agreement is excellent; both the composition and temperature dependence of the viscosity are adequately predicted by the model.
Rakitina et al. [26] measured the viscosities of three samples over the temperature range from 1300 to 1500°C
. The compositions of these samples are similar to the first composition in Table 3 studied by Persson [37] . At 1500 °C, the results of Rakitina et al. [26] are in good agreement with both the Persson's value and with the viscosities predicted by the model. However at 1400 and 1300 °C, the viscosities reported by Rakitina et al. [26] are substantially higher than predicted by the model. This is most likely due to precipitation of the monoxide solid solution in the experiments.
Phase equilibrium calculations using the FactSage thermochemical software and oxide database [11] indicate that the liquidus temperatures for these compositions are much higher than 1400 °C. [40] and Vulchev and Todorov [38] with the viscosities predicted by the model. As can be seen from Fig. 30 , the results of Semik [40] are in good agreement with the model above the liquidus, but become increasingly higher as temperature drops below the liquidus, indicating possible precipitation of the spinel solid solution in the experiments. Similarly, the [37] and predicted by the model. 
MnO-K 2 O-CaO-Al 2 O 3 -SiO 2 system
The viscosities of MnO-K 2 O-CaO-Al 2 O 3 -SiO 2 melts were measured only by Rudneva et al. [42] who used the rotating crucible method with graphite crucibles under N 2 atmosphere. Calculated viscosities are compared with the experimental data in Fig. 32 . As almost pure MnO is added to the master SiO 2 -Al 2 O 3 -CaO-K 2 O melt, the viscosity decreases. This is mostly due to the decrease in the silica content. The slope of this decrease is well predicted by the model. However, the measurements for the most MnO-rich composition contradict this trend and suggest an abrupt increase in the viscosity. Since it is very difficult to rationalize such an increase, it was most likely caused by precipitation of solid phases in the experiment. Table 4 compares the viscosities of MnO-Na 2 O-K 2 O-CaO-MgO-Al 2 O 3 -SiO 2 melts predicted by the model with the measurements of Tkach et al. [43] who used a vibrational viscometer under Ar atmosphere. As can be seen from Table 4 , the experimental data are systematically lower than the calculated viscosities. It should be noted that a systematic error of about 1.0 in the natural logarithmic scale is fairly common. The temperature dependence of the viscosity for each of the three studied samples is well described by the model.
MnO-Na 2 O-K 2 O-CaO-MgO-Al 2 O 3 -SiO 2 system
Conclusions
To calculate the viscosity of MnO-containing silicate melts, only six model parameters related to MnO are required. Two parameters, and , describe the viscosity of pure liquid MnO; two binary parameters, , describe the viscosity of MnO-SiO 2 melts; and, finally, two more parameters represent the Gibbs energy, , of tetrahedrallycoordinated Al "species" which enter the silica network and are charge-compensated by Mn. The latter two parameters are obtained from the experimental viscosities of MnO-Al 2 O 3 -SiO 2 melts. The viscosities of multicomponent melts containing MnO are then predicted by the model without any additional adjustable model parameters.
To test the model, available experimental viscosity data were collected for melts formed by MnO with SiO 2 , Al 2 O 3 , CaO, MgO, PbO, Na 2 O and K 2 O. The deviation of the available experimental data from the viscosities predicted by the model does not exceed the scatter of experimental points among different authors in binary and ternary sub-systems of the MnO-SiO 2 -Al 2 O 3 -CaO-MgO-PbO-Na 2 O-K 2 O system that were used to calibrate the model. In particular, the model predicts the viscosity of MnO-CaO-MgO-Al 2 O 3 -SiO 2 slags used for production of ferromanganese alloys with an accuracy similar to the accuracy of the experimental studies of these melts.
